Introduction {#s1}
============

TNF Receptor Associated Factor 2 (TRAF2) is an adaptor protein that transduces signals following ligation of certain cytokine receptors including those binding TNF. It was first identified together with TRAF1 as a component of TNF receptor-2 and then TNF receptor-1 (TNFR1) signalling complexes ([@bib50]; [@bib54]). TRAF2, like most other TRAFs, contains a RING domain, several zinc fingers, a TRAF-N, and a conserved TRAF-C domain which is responsible for oligomerisation and receptor binding through its MATH region ([@bib60]; [@bib63]).

RING domains are nearly always associated with ubiquitin E3 ligase activity ([@bib52]) and TRAF2 can promote ubiquitylation of RIPK1 in TNFR1 signalling complexes (TNFR1-SC) ([@bib71]). However TRAF2 recruits E3 ligases such as cIAPs to TNFR1-SC and these have also been shown to be able to ubiquitylate RIPK1 and regulate TNF signalling ([@bib13]; [@bib34]; [@bib66]; [@bib68]). This makes it difficult to unambiguously determine the role of the E3 ligase activity of TRAF2.

Activation of JNK and NF-κB by TNF is reduced in cells from *Traf2^-/- ^*mice while only JNK signalling was affected in lymphocytes from transgenic mice that express a dominant negative (DN) form of TRAF2 that lacks the RING domain ([@bib31]; [@bib74]). *Traf2*^-/-^*Traf5*^-/-^ mouse embryonic fibroblasts (MEFs) have a pronounced defect in activation of NF-κB by TNF, suggesting that absence of TRAF2 can be compensated by TRAF5 ([@bib59]). Although activation of NF-κB was restored in *Traf2*^-/-^*Traf5*^-/-^ cells by re-expression of wild type TRAF2, it was not restored when the cells were reconstituted with TRAF2 point mutants that could not bind cIAPs ([@bib68]; [@bib79]). These data, together with a wealth of different lines of evidence showing that cIAPs are critical E3 ligases required for TNF-induced canonical NF-κB ([@bib5]; [@bib21]; [@bib56]), support the idea that the main function of TRAF2 in TNF-induced NF-κB is to recruit cIAPs to the TNFR1-SC. However, it remains possible that the RING of TRAF2 plays another function, such as in activating JNK and protecting cells from TNF-induced cell death ([@bib68]; [@bib79]). Furthermore it has been shown that TRAF2 can K48-ubiquitylate caspase-8 to set the threshold for TRAIL or Fas induced cell death ([@bib17]). Moreover, TRAF2 inhibits non-canonical NF-κB signalling ([@bib18]; [@bib78]) and this function requires the RING domain of TRAF2 to induce proteosomal degradation of NIK ([@bib68]). However, structural and in vitro analyses indicate that, unlike TRAF6, the RING domain of TRAF2 is unable to bind E2 conjugating enzymes ([@bib76]), and is therefore unlikely to have intrinsic E3 ligase activity.

Sphingosine-1-phosphate (S1P) is a pleiotropic sphingolipid mediator that regulates proliferation, differentiation, cell trafficking and vascular development ([@bib44]). S1P is generated by sphingosine kinase 1 and 2 (SPHK1 and SPHK2) ([@bib28]; [@bib33]). Extracellular S1P mainly acts by binding to its five G protein-coupled receptors S1P~1-5~ ([@bib25]). However, some intracellular roles have been suggested for S1P, including the blocking of the histone deacetylases, HDAC1/2 ([@bib22]) and the induction of apoptosis through interaction with BAK and BAX ([@bib9]).

Recently, it was suggested that the RING domain of TRAF2 requires S1P as a co-factor for its E3 ligase activity ([@bib3]). Alvarez and colleagues proposed that SPHK1 but not SPHK2 is activated by TNF and phosphorylates sphingosine to S1P which in turn binds to the RING domain of TRAF2 and serves as an essential co-factor that was missing in the experiments of Yin *et al.* Alvarez and colleagues, observed that in the absence of SPHK1, TNF-induced NF-κB activation was completely abolished.

Although we know a lot about TRAF2, there are still important gaps particularly with regard to cell type specificity and in vivo function of TRAF2. Moreover, despite the claims that SPHK1 and its product, S1P, are required for TRAF2 to function as a ubiquitin ligase, the responses of *Traf2^-/- ^*and *Sphk1^-/-^* cells to TNF were not compared. Therefore, we undertook an analysis of TRAF2 and SPHK1 function in TNF signalling in a number of different tissues.

Surprisingly, we found that neither TRAF2 nor SPHK1 are required for TNF mediated canonical NF-κB and MAPK signalling in macrophages. However, MEFs, murine dermal fibroblasts (MDFs) and keratinocytes required TRAF2 but not SPHK1 for full strength TNF signalling. In these cell types, absence of TRAF2 caused a delay in TNF-induced activation of NF-κB and MAPK, and sensitivity to killing by TNF was increased. Absence of TRAF2 in keratinocytes in vivo resulted in psoriasis-like epidermal hyperplasia and skin inflammation. Unlike TNF-dependent genetic inflammatory skin conditions, such as IKK2 epidermal knock-out ([@bib40]) and the *cpdm* mutant ([@bib16]), the onset of inflammation was only delayed, and not prevented by deletion of TNF. This early TNF-dependent inflammation is caused by excessive apoptotic but not necroptotic cell death and could be prevented by deletion of *Casp8*. We observed constitutive activation of NIK and non-canonical NF-κB in *Traf2^-/- ^*keratinocytes which caused production of inflammatory cytokines and chemokines. We were able to reverse this inflammatory phenotype by simultaneously deleting both *Tnf* and *Nfkb2* genes. Our results highlight the important role TRAF2 plays to protect keratinocytes from cell death and to down-regulate inflammatory responses and support the idea that intrinsic defects in keratinocytes can initiate psoriasis-like skin inflammation.

Results {#s2}
=======

TRAF2 and SPHK1 are dispensable for TNF signalling in macrophages {#s2-1}
-----------------------------------------------------------------

Macrophages are a major source of TNF during inflammation and also respond to it by producing other inflammatory cytokines. To examine the role of TRAF2 in TNF signalling in macrophages we generated bone marrow-derived macrophages (BMDMs), from wild type and *Traf2^lox/lox^Lyz2-Cre (Traf2^LC^*) mice. The *Lyz2-Cre* recombinase transgene is expressed in all cells of the myeloid lineage including macrophages ([@bib72]). TNF stimulation of wild type BMDMs caused degradation of IκBα and phosphorylation of JNK and ERK within 15 min ([Figure 1A](#fig1){ref-type="fig"}). In *Traf2^LC^*and *Sphk1* deficient BMDMs, the kinetics of IκBα degradation and phosphorylation of JNK and ERK induced by TNF were the same as in wild-type BMDMs ([Figure 1A and 1B](#fig1){ref-type="fig"}).10.7554/eLife.10592.003Figure 1.TRAF2 is not required for TNF-induced NF-κB and MAPK signalling in bone marrow derived macrophages.(**A** and **B**) Western blot analysis of wild type (WT), *Traf2^lox/lox^ Lyz2-Cre (Traf2^LC^*) and *Sphk1*^-/-^ BMDMs treated with TNF (20 ng/ml) for the indicated times. (**C**) Flow cytometric analysis of WT, *Traf2^LC^*BMDMs treated with TNF (20 ng/ml) ± 100 nM Smac-mimetic (SM) for 24 hr and stained with Propidium Iodide (PI) and analysed by flow cytometry. (**D**) WT, *Traf2^LC^*macrophages were treated with TNF (20 ng/ml) or Smac-mimetic (100 nM) for indicated time and supernatants analysed by TNF ELISA. Data are represented as mean ± SEM.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.003](10.7554/eLife.10592.003)

Because activation of canonical NF-κB protects cells from TNF-induced death, we treated *Traf2*-deficient and wild-type BMDMs with TNF for 24 hr and assayed their viability using Propidium Iodide (PI) staining and flow cytometry. Taking into account the slightly higher background death of *Traf2^-/- ^*BMDMs compared with wild type BMDMs, TNF was not cytotoxic to either wild-type or *Traf2^-/- ^*macrophages ([Figure 1C](#fig1){ref-type="fig"}). High-dose (500 nM) Smac-mimetic (SM) but not a low dose (100 nM) can induce the death of macrophages via production of autocrine TNF ([@bib72]). We tested whether loss of TRAF2 could sensitise macrophages to low dose SM. As previously reported, wild-type macrophages were resistant to killing by low-dose SM, but *Traf2^LC^*BMDMs were very sensitive ([Figure 1C](#fig1){ref-type="fig"}). To find out why, we measured the concentration of TNF secreted by BMDMs into the culture media following stimulation with TNF or SM. Increased TNF secretion was undetectable earlier than 20 hr after TNF stimulation and there was no significant difference in the amount of TNF secreted by wild type or *Traf2^LC^* macrophages at this time point ([Figure 1D](#fig1){ref-type="fig"}; upper panel). In contrast, after 4 hr of treatment with SM, very large amounts of TNF could be detected in both the wild-type and *Traf2^LC^* macrophages ([Figure 1D](#fig1){ref-type="fig"}; lower panel). Although initially similar amounts of TNF were produced, after 8 hr the amount of TNF secreted by the *Traf2^LC^* macrophages was less than that made by the wild-type macrophages ([Figure 1D](#fig1){ref-type="fig"}; lower panel). This is probably due to SM-induced death of *Traf2^LC^* but not wild-type BMDMs ([Figure 1C](#fig1){ref-type="fig"}).

TRAF2 but not SPHK1 is needed for normal TNF signalling in fibroblasts and keratinocytes {#s2-2}
----------------------------------------------------------------------------------------

Since TRAF2 was not required for TNF signalling in BMDMs, we could not use this cell type to determine whether SPHK1-derived S1P was required as an essential co-factor for TRAF2s E3 ligase activity. Therefore, we extended our analysis to other cell types and generated MEFs and MDFs lacking TRAF2 or SPHK1 and compared their response to TNF with wild-type cells. Consistent with earlier reports ([@bib59]; [@bib68]; [@bib79]), loss of TRAF2 in MEFs caused a delay in, but did not abolish, TNF-induced NF-κB activation and JNK phosphorylation ([Figure 2A](#fig2){ref-type="fig"}). Similarly, loss of TRAF2 in MDFs caused a delay in both NF-κB and MAPK signalling activation ([Figure 2B](#fig2){ref-type="fig"}). However, no such delay was observed in *Sphk1* knock-out cells ([Figure 2A and 2B](#fig2){ref-type="fig"}). Consistent with earlier findings ([@bib68]; [@bib79]), *Traf2* knock-out MEFs and MDFs were sensitive to TNF-induced cell death; however, wild-type and *Sphk1*^-/-^ cells remained resistant ([Figure 2C](#fig2){ref-type="fig"}). The sensitivity to TNF-induced cell death correlated with caspase-8 and -3 cleavage in *Traf2*^-/-^ fibroblasts ([Figure 2B](#fig2){ref-type="fig"}).10.7554/eLife.10592.004Figure 2.TRAF2 but not SPHK1 is required for TNF signalling in MEFs, MDFs and keratinocytes.(**A** and **B**) Western blot analysis of wild-type (WT), *Traf2*^-/-^ and *Sphk1*^-/-^ immortalised MEFs and MDFs (as indicated) treated with TNF (100 ng/ml) for the indicated times. (**C**) FACS analysis of WT, *Traf2*^-/-^ and *Sphk1*^-/-^ MEFs and MDFs treated with TNF (100 ng/ml) for 24 hr and stained with Propidium Iodide (PI). n≥3 biological repeats. Data are represented as mean ± SEM. (**D**) Western blot analysis of WT and *Traf2*^-/-^ keratinocytes treated with TNF (100 ng/ml) for the indicated times. (**E**) Western blot analysis of WT and *Sphk1*^-/-^ keratinocytes treated with TNF (100 ng/ml) for the indicated times. (**F**) WT, *Traf2*^-/-^ and *Sphk1*^-/-^ keratinocytes were treated with TNF (100 ng/ml) in the absence or presence of Q-VD-OPh (QVD; 10 μM) and Necrostatin (Nec; 50 μM) as indicated for 24 hr and metabolically active cells were measured by MTS-PMS (MTS) assay. Biological repeats were WT and *Traf2*^-/-^ (n=5) and *Sphk1^-/-^* (n=3). Data are represented as mean ± SEM. P values compare the indicated samples using a Students t-test.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.004](10.7554/eLife.10592.004)

To test the function of TRAF2 in primary keratinocytes and compare its role to that of SPHK1 in TNF signalling, we generated epidermal specific *Traf2*-deficient mice (*Traf2^EKO^*) by crossing *Traf2^lox/lox^* mice with transgenic mice constitutively expressing Cre recombinase under the control of the keratin-14 promoter (*K14-Cre*). Primary keratinocytes isolated from wild-type, *Traf2^EKO^* and *Sphk1^-/- ^*mice were tested and, similarly to MEFs and MDFs, TNF signalling was delayed and weakened in *Traf2*-deficient ([Figure 2D](#fig2){ref-type="fig"}), but not *Sphk1*-deficient keratinocytes ([Figure 2E](#fig2){ref-type="fig"}). *Traf2^-/-^*, but not *Sphk1*^-/-^, keratinocytes were also sensitive to TNF-induced death ([Figure 2F](#fig2){ref-type="fig"}), and this was associated with a rapid reduction in cFLIP~L~ levels and caspase-8 cleavage ([Figure 2D](#fig2){ref-type="fig"}). Treatment with the pan-caspase inhibitor Q-VD-OPh (QVD) reduced TNF-induced death of *Traf2^-/-^* cells by about half ([Figure 2F](#fig2){ref-type="fig"}). On its own, the RIPK1 kinase inhibitor, Necrostatin (Nec), reduced TNF-induced cell death, but this reduction is not statistically significant. However, the combination of QVD and Nec completely blocked TNF-induced cell death in *Traf2^-/-^*keratinocytes ([Figure 2F](#fig2){ref-type="fig"}).

TNF induced RIPK1 ubiquitylation is delayed in *Traf2*^-/-^ MDFs, but normal in *Sphk1*^-/-^ cells {#s2-3}
--------------------------------------------------------------------------------------------------

Alvarez et al. proposed that SPHK1 and its product S1P are required for ubiquitylation of RIPK1 by TRAF2 ([@bib3]). However, the preponderance of evidence, both genetic and biochemical, suggests that TRAF2 serves to recruit cIAPs and that these are the main E3 ligases for RIPK1 ([@bib34]; [@bib56]; [@bib66]; [@bib68]). To explore this issue further, we examined RIPK1 ubiquitylation upon TNF stimulation in wild-type, *Traf2^-/-^* and *Sphk1^-/-^*MDFs using the tandem ubiquitin binding entities (TUBE) beads to precipitate ubiquitylated proteins. Within 5 to 15 min of TNF stimulation RIPK1 became strongly ubiquitylated in both wild-type and *Sphk1^-/- ^*MDFs, and this decreased over 60 min ([Figure 3A and 3B](#fig3){ref-type="fig"}). In *Traf2^-/-^* cells, this ubiquitylation was not observed at early time points (5 or 15 min), but occurred after 60 min with a different pattern ([Figure 3A and 3B](#fig3){ref-type="fig"}). This delayed ubiquitylation correlated with the delayed NF-κB activation observed in *Traf2^-/-^* cells ([Figure 2A,B and 2D](#fig2){ref-type="fig"}). cIAP1 and phospho-ERK migrated as high molecular weight species, suggestive of ubiquitylation, within 15 min of TNF stimulation in wild type and *Sphk1^-/-^,* but this ubiquitylation was delayed in *Traf2^-/-^* MDFs ([Figure 3A and 3B](#fig3){ref-type="fig"}). Consistent with the previous results, cleaved caspase-8 appeared in *Traf2^-/-^* MDFs after 1 hr TNF stimulation ([Figure 3B](#fig3){ref-type="fig"}).10.7554/eLife.10592.005Figure 3.TRAF2 but not SPHK1 is required for rapid, TNF-induced, RIPK1 ubiquitylation.(**A** and **B**) Wild-type, *Traf2*^-/-^ and *Sphk1*^-/-^ immortalised MDFs were treated with TNF (100 ng/ml) for the indicated times. Cell lysates were prepared and precipitated with ubiquitin-binding TUBE beads, then separated on an SDS-PAGE gel and Western blotted with the indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.005](10.7554/eLife.10592.005)

Loss of TRAF2 in keratinocytes causes epidermal hyperplasia and psoriasis-like skin inflammation {#s2-4}
------------------------------------------------------------------------------------------------

The role of TRAF2 in homeostasis of lymphocytes has been well-studied ([@bib55]). However, the role of TRAF2 in adult epithelial cells has not yet been reported. TRAF2 was detected at high or medium levels in 36 out of 81 normal human tissue cell types, and in the skin, dermal fibroblasts and keratinocytes ([@bib62]). To discover the role of TRAF2 in keratinocytes we aged and monitored *Traf2^lox/lox^*-*K14-Cre* (*Traf2^EKO^*) mice. *Traf2^EKO^* mice were born at the expected Mendelian ratios but developed an inflamed skin phenotype from 6 weeks of age. This phenotype became worse over time and the mice were sacrificed usually before 15 weeks of age ([Figure 4A and 4F](#fig4){ref-type="fig"}). The epidermal layer in a normal mouse is usually composed of 2--3 layers of keratinocytes ([@bib19]); however, histological skin sections from *Traf2^EKO^* mice revealed a grossly thickened epidermis ([Figure 4B](#fig4){ref-type="fig"}). Normally, the epidermis expresses keratin-14, but keratin-6 expression is confined to hair follicles or hyper-proliferative keratinocytes. The *Traf2^EKO^* epidermis was highlighted by widespread expression of both of these markers ([Figure 4B](#fig4){ref-type="fig"}). Excessive leukocyte infiltration and apoptotic death were also detected in the inflamed area of *Traf2^EKO^* by immunostaining of CD45 (leukocyte common antigen) and cleaved caspase-3 (CC3), respectively ([Figure 4B](#fig4){ref-type="fig"}). We did not detect any significant infiltration of mast cells into the inflamed area of *Traf2^EKO^* mice by toluidine blue staining ([Figure 4B](#fig4){ref-type="fig"}).10.7554/eLife.10592.006Figure 4.Loss of TRAF2 in keratinocytes causes epidermal hyperplasia and psoriasis-like skin inflammation.(**A**, **B**, **D** and **E**) Representative images and skin sections of the indicated mice strains stained with haematoxylin/eosin (H&E), immuno-histochemistry for the pan leukocyte marker (CD45), cleaved caspase-3 (CC3), or toluidine blue (TB), or immuno-stained for Keratin-14 or Keratin-6 (in red) plus Hoechst (nuclei in blue). Scale bars = 100 μm. (**C**) The culture media of primary keratinocytes of the indicated genotypes at 80% confluency was replaced with serum-free media which was collected 48 hr later and analysed with TNF ELISA. Biological repeats WT (n=4) and *Traf2*^-/-^ (n=5) are indicated. Data are represented as mean ± SEM. The dashed line indicates minimum detectable range of the ELISA. P values compare the indicated samples using a Students t-test. (**F**) Kaplan-Meier graph depicting survival of indicated mouse strains.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.006](10.7554/eLife.10592.006)

Skin inflammation induced by keratinocyte specific loss of TRAF2 partially depends on TNF {#s2-5}
-----------------------------------------------------------------------------------------

Previous studies have shown that defective TNF signalling leads to inflammation in the skin, and deletion of TNF or TNFR1 prevents this phenotype. In the *cpdm* (SHARPIN mutant) mouse, loss of one allele of *Tnf* significantly reduced the systemic inflammatory disorder ([@bib16]). Based on the presence of apoptotic cells in the epidermal layer of *Traf2^EKO^* mice ([Figure 4B](#fig4){ref-type="fig"}), spontaneous secretion of TNF by *Traf2^-/-^*keratinocytes in culture ([Figure 4C](#fig4){ref-type="fig"}) and the disrupted TNF signalling in *Traf2^-/-^*keratinocytes ([Figure 2D](#fig2){ref-type="fig"}), we hypothesised that depletion of TNF would also prevent the inflammation in the skin of *Traf2^EKO^*mice. Therefore, *Traf2^EKO^* mice were crossed to *Tnf^-/-^* mice. Consistent with our hypothesis, *Traf2^EKO^Tnf*^-/-^ mice did not develop epidermal hyperplasia and skin inflammation at the same time as *Traf2^EKO^* mice ([Figure 4D](#fig4){ref-type="fig"}). However, at \~20 weeks after birth (10 weeks later than *Traf2^EKO^*), the skin of most of the *Traf2^EKO^Tnf*^-/-^ mice started to become inflamed. Lesions became severe by 30 weeks, and these necessitated sacrifice of the affected animals ([Figure 4D and 4F](#fig4){ref-type="fig"}).

Histological analysis revealed that leukocyte infiltration into the dermis of 10-week-old *Traf2^EKO^Tnf*^-/-^ mice was also reduced when compared to age-matched *Traf2^EKO^*mice, but increased by 23 weeks ([Figure 4E](#fig4){ref-type="fig"}). There was no evidence for apoptotic, cleaved caspase 3 (CC3)-positive cells in the skin of *Traf2^EKO^Tnf*^-/-^ mice at any age, suggesting that cell death is induced by TNF in the *Traf2^-/-^* mice ([Figure 4B](#fig4){ref-type="fig"}) and that increased proliferation can be genetically separated from apoptotic cell death.

Apoptotic cell death induces early onset skin inflammation in *Traf2^EKO^* mice {#s2-6}
-------------------------------------------------------------------------------

Because TNF-induced death in *Traf2^-/- ^*keratinocytes was only partially attenuated by Q-VD-OPh but was completely blocked by the combination of Q-VD-OPh and Necrostatin ([Figure 2F](#fig2){ref-type="fig"}), we hypothesised that keratinocytes might be undergoing a necroptotic cell death that could contribute to skin inflammation ([@bib41]). However, depletion of MLKL, an essential necroptosis effector ([@bib35]; [@bib58]), did not prevent or alter the onset of the skin inflammation in *Traf2^EKO^*mice ([Figure 5A and 5B](#fig5){ref-type="fig"}). Deficiency of both MLKL and caspase-8 did, however, rescue the early skin inflammation in *Traf2^EKO^* ([Figure 5A and 5B](#fig5){ref-type="fig"}) but the mice could not be aged further because *Mlkl^-/-^Casp8^-/-^* mice develop lymphadenopathy before 15 weeks of age (Alvarez-Diaz *et al.*, personal communication, October 2015). To molecularly define the type of TNF-induced cell death in *Traf2^-/- ^*keratinocytes, we looked at the necroptotic and apoptotic markers upon TNF stimulation in detail ([Figure 5C and 5D](#fig5){ref-type="fig"}). Oligomerisation of MLKL in the membrane fraction is a marker for execution of necroptosis ([@bib23]) and did not occur following 5 hr of TNF stimulation, but was only seen when caspases were inhibited by Q-VD-OPh ([Figure 5C](#fig5){ref-type="fig"}). As expected, however, oligomerisation of MLKL induced by TNF and Q-VD-OPh treatment was blocked by Necrostatin ([Figure 5C](#fig5){ref-type="fig"}).10.7554/eLife.10592.007Figure 5.The early inflammation in *Traf2^EKO ^*is caused by keratinocyte apoptosis.(**A** and **B**) Representative images and skin sections of indicated mice stained with haematoxylin/eosin (H&E), toluidine blue (TB) or immuno-stained for Keratin-14 or Keratin-6 (in red) plus Hoechst (nuclei in blue). Scale bars = 100 μm. (**C**) *Traf2*^-/-^ and *Sphk1*^-/-^ keratinocytes were treated with TNF (100 ng/ml) for 5 hr in the absence or presence of QVD and/or Nec as indicated. Cytoplasmic (C) and Membrane (M) fractions were separated on a Blue Native PAGE gel and the Western blot probed with the indicated antibodies. (**D**) *Traf2*^-/-^ keratinocytes were treated with TNF (100 ng/ml) for 5 hr in the absence or presence of QVD or Nec as indicated. The lysates were separated on an SDS-PAGE gel and the Western blot probed with the indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.007](10.7554/eLife.10592.007)

Psoriasis-like inflammation in *Traf2^EKO^* mice is characterised by skin infiltration of neutrophils and IFNγ producing CD4^+^ T cells {#s2-7}
---------------------------------------------------------------------------------------------------------------------------------------

To characterise the type of inflammation in *Traf2^EKO^* and *Traf2^EKO^Tnf^-/-^* mice, we analysed skin sections of 10-week-old *Traf2^EKO^* and 20-week-old *Traf2^EKO^Tnf^-/-^*for infiltrating inflammatory leukocytes, using flow cytometry. The skin from *Traf2^EKO^* and *Traf2^EKO^Tnf^-/-^* mice had higher numbers of CD11b^+^Ly6G^+^ neutrophils in the epidermal and dermal layers compared to wild-type skin ([Figure 6A,B,C and 6D](#fig6){ref-type="fig"}). CD4^+^ T cells were also abundant in the inflamed skin of *Traf2^EKO^* and *Traf2^EKO^Tnf^-/-^* ([Figure 6E and 6F](#fig6){ref-type="fig"}). Surprisingly, IFNγ producing CD4^+^ T cells were significantly more abundant in the skin of *Traf2^EKO^Tnf^-/- ^*than *Traf2^EKO^* ([Figure 6G](#fig6){ref-type="fig"}). To investigate whether IFNγ production by these T cells contributed to the inflammatory phenotype, we lethally irradiated *Traf2^EKO^* mice and reconstituted them with bone marrow cells from *Traf2^EKO^* (which harbour wild-type bone marrow cells) or *Ifng^-/-^* mice. However, both wild type and *Ifng^-/-^* chimeras developed skin inflammation to the same extent, indicating that hematopoietic cell-derived IFNγ is not a major contributor to the psoriasis-like skin inflammation ([Figure 7](#fig7){ref-type="fig"}).10.7554/eLife.10592.008Figure 6.Loss of TRAF2 in keratinocytes causes infiltration of neutrophils and IFNγ-producing CD4^+^ T cells to the skin.(**A**-**G**) Single-cell suspensions from mouse ears with skin inflammation and healthy controls were prepared and the haematopoietic component (CD45.2^+^ and PI^-^) analysed by flow cytometry using the indicated markers. Representative contour plots for Ly6G and CD11b staining in the epidermis (**A**) and dermis (**C**) of mice with indicated genotype. Numbers indicate the proportion of CD11b^+^Ly6G^+^ neutrophils (boxed). Bar graph showing percentage infiltrated neutrophils to the epidermis (**B**) and dermis (**D**) n≥5, error bars are SEM. (**C**) Representative contour plots for TCRβ and CD4 staining. Numbers indicate the proportion of CD4^+^ T cells (boxed). (**E**) Representative contour plots for CD4 and TCRβ staining in the dermis of mice with indicated genotype. (**F**) Bar graph showing the percent of skin infiltrating CD4^+^ T cells, n≥8, error bars are SEM. (**G**) Bar graph showing percentage of infiltrating IFNγ-producing CD4^+^ T cells to the dermis of mice indicated genotype, n≥5, data are represented as mean ± SEM. Symbols in the graphs represent individual mice. All data are relative to the total CD45^+^ and PI^-^ cells. P values compare the indicated samples using a Students t-test.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.008](10.7554/eLife.10592.008)10.7554/eLife.10592.009Figure 7.Reconstitution with IFNγ-deficient bone marrow does not prevent the inflammation in *Traf2^EKO^*mice. (**A,B**) 6-week-old *Traf2^EKO^*mice were lethally irradiated and injected with wild-type (wt) or *Ifnγ^-/-^* bone marrow cells. After 4 weeks of reconstitution (Recon.), all mice, regardless of the origin of injected cells, started to develop inflammation similarly and needed to be sacrificed by 8 weeks after reconstitution. (**A**) Representative images. (**B**) H&E staining of skin sections. Scale bars = 100 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.009](10.7554/eLife.10592.009)

Loss of TRAF2 causes constitutive non-canonical NF-κB activation and expression of inflammatory cytokines in keratinocytes {#s2-8}
--------------------------------------------------------------------------------------------------------------------------

As TNF depletion only delayed and did not prevent the inflammatory skin phenotype and there were infiltrating leukocytes in the skin of *Traf2^EKO^Tnf*^-/-^ mice, this implied that there were factor(s) expressed by keratinocytes that attracted these inflammatory cells independently of TNF. TRAF2 suppresses non-canonical NF-κB activation in many different cell types and loss of TRAF2 induces constitutive activation of non-canonical NF-κB ([@bib18]; [@bib32]; [@bib64]; [@bib69]; [@bib78]). We therefore hypothesised that loss of *Traf2* in keratinocytes might induce activation of non-canonical NF-κB and thereby drive expression of inflammatory genes. To test this hypothesis we analysed the status of NIK and NFκB2/p100 processing in *Traf2^-/- ^*keratinocytes. Consistent with non-canonical NF-κB activation, NIK was readily detectable in *Traf2^-/-^* but not wild-type keratinocytes and there were higher levels of p52 in these cells. This activation of non-canonical NF-κB was likely independent of TNF because stimulation of these cells for 2 hr with TNF did not change the level of NIK or p52 ([Figure 8A](#fig8){ref-type="fig"}). To investigate whether increased non-canonical NF-κB caused an increase in keratinocyte proliferation, which might account for the thickened epidermis, we measured the numbers of metabolically active cells every day over 5 days using an MTS-PMS assay in wild-type and *Traf2^-/-^*keratinocytes on a *Tnf*^-/-^ background (as a surrogate marker for proliferation). However, no difference was observed in the proliferation of *Traf2^-/-^* versus wild-type keratinocytes ([Figure 8B](#fig8){ref-type="fig"}). To simultaneously control for the genotypes of the keratinocytes and the accuracy of the MTS assay, keratinocytes were treated with TNF for 24 hr after 4 days in culture and the viability of the cells were measured on day 5 with MTS assay. As expected, *Traf2^-/- ^*keratinocytes were sensitive to TNF and gave a very low MTS value, while *Traf2^+/- ^*keratinocytes, generated from littermate controls, were resistant to TNF-induced death ([Figure 8B](#fig8){ref-type="fig"}).10.7554/eLife.10592.010Figure 8.TRAF2 deletion causes constitutive activation of the non-canonical NF-κB transcription factor pathway.(**A**) *Tnf*^-/-^*Traf2*^+/-^ and *Tnf*^-/-^*Traf2*^-/-^ keratinocytes were treated with or without TNF (100ng/ml) for the indicated times. The lysates were analysed as in [Figure 1](#fig1){ref-type="fig"}. Asterisks indicate non-specific bands. (**B**) The viability of keratinocytes of the indicated genotype was measured at indicated time points using an MTS assay. Viability following TNF treatment (100 ng/ml) on day 4 was used as a control. Data are represented as mean ± SEM, n=4 biological repeats. (**C**) *Tnf*^-/-^*Traf2*^+/-^ and *Tnf*^-/-^*Traf2*^-/-^ keratinocytes were treated with IL-17 (100 ng/ml) for the indicated times and lysates analysed as previously. (**D**) Viability of keratinocytes of indicated genotype ± IL-17 (100 ng/ml) was measured at indicated time points using MTS assay. Data are represented as mean ± SEM, n≥3 biological repeats. (**E**) Heat map depicting a selection from qPCR analysis of more than 600 inflammatory genes from *Tnf*^-/-^*Traf2*^+/-^ and *Tnf*^-/-^*Traf2*^-/-^ keratinocytes (3 mice for each genotype). Log expression values have been standardized to have mean 0 and standard deviation 1 for each row. Genes were ranked based on the fold change expression. Gens above the dashed line were highly elevated in *Tnf*^-/-^*Traf2*^-/-^ keratinocytes. Asterisks indicate significant changes with P values \<0.05.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.010](10.7554/eLife.10592.010)10.7554/eLife.10592.011Figure 8---source data 1.Complete zoom-able heat map of qPCR array.Heat map depicting a selection from qPCR analysis of more than 600 inflammatory genes from *Tnf*^-/-^*Traf2*^+/-^ and *Tnf*^-/-^*Traf2*^-/-^ keratinocytes (3 mice for each genotype). Log expression values have been standardized to have mean 0 and standard deviation 1 for each row. Genes were ranked based on the fold change expression.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.011](10.7554/eLife.10592.011)10.7554/eLife.10592.012Figure 8---source data 2.Spreadsheet of result from qPCR array.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.012](10.7554/eLife.10592.012)

IL-17 plays a major role in psoriasis and has been shown to induce proliferation of keratinocytes ([@bib20]). On the other hand TRAF3 can inhibit IL-17 signalling ([@bib80]). Considering that TRAF2 and 3 can act together ([@bib15]; [@bib27]; [@bib64]; [@bib78]), we investigated whether loss of TRAF2 affected IL-17 signalling. However, loss of TRAF2 did not affect IL-17 signalling in *Traf2^-/- ^*keratinocytes, as assessed by IκBα degradation and phosphorylation of p65 and p38 ([Figure 8C](#fig8){ref-type="fig"}). Moreover, stimulation of keratinocytes by IL-17 did not induce proliferation of keratinocytes either in wild-type or *Traf2^-/- ^*keratinocytes in vitro ([Figure 8D](#fig8){ref-type="fig"}).

To examine the impact of constitutive activation of non-canonical NF-κB transcription factor on the expression of inflammatory genes in keratinocytes, we used a qPCR \'inflammation array\' to measure more than 600 inflammatory genes. We isolated and cultured keratinocytes from *Traf2^EKO/+^*and *Traf2^EKO^*mice both on a *Tnf^-/- ^*background to avoid the effect of autocrine TNF. After 48 hr starvation (to exclude any extrinsic signal by the serum) and without any stimulation (to look at the intrinsic effect of non-canonical NF-κB transcription factor), cells were lysed and their RNA were extracted and analysed by the qPCR array. Out of more than 600 inflammatory genes analysed, about 300 genes were constitutively expressed in the keratinocytes under these conditions ([Figure 8E](#fig8){ref-type="fig"}). The signature of inflammatory genes expression was changed in *Traf2^-/-^Tnf^-/-^* compared to *Traf2^+/-^Tnf^-/-^* keratinocytes ([Figure 8E](#fig8){ref-type="fig"}). Many inflammatory genes, such as Csf1 (M-CSF), IL-23, TNFSF9 (4-1BBL), Cr1l and Cxcl16, were highly elevated in *Traf2^-/-^Tnf^-/-^* keratinocytes (an Excel list and zoom-able heat map of 338 expressed genes are available as [Figure 8---source data 1](#SD1-data){ref-type="supplementary-material"} and [2](#SD2-data){ref-type="supplementary-material"}).

Blocking non-canonical NF-κB signalling and depletion of TNF together prevent inflammation caused by TRAF2 deficiency in keratinocytes {#s2-9}
--------------------------------------------------------------------------------------------------------------------------------------

Deletion of one allele of NIK prevents lethality of *Traf2* knock-out ([@bib32]; [@bib64]). Together with the observation that TRAF2 knock-out keratinocytes also have high levels of NIK and the active form of NFκB2 (p52), we hypothesised that inhibiting non-canonical NF-κB signalling might prevent the inflammation in *Traf2^EKO^* mice. To test this, we crossed *Traf2^EKO^* with either *Map3k14 (Nik)^aly/aly^* mice, that bear an inactive point mutant of NIK, or *Nfkb2* (p100)*^-/-^* mice. Contrary to our hypothesis, deficiency in *Map3k14* or *Nfkb2* did not prevent the psoriasis-like skin disease in *Traf2^EKO^* mice ([Figure 9](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}). Not only did *Traf2^EKO^Map3k14^aly/+^*and *Traf2^EKO^Map3k14^aly/aly^*mice develop skin inflammation, the onset of disease in *Traf2^EKO^Map3k14^aly/aly^*mice was earlier than in *Traf2^EKO^* or *Traf2^EKO^Map3k14^aly/+^*mice ([Figure 9](#fig9){ref-type="fig"}). *Traf2^EKO^Nfkb2^-/-^* mice developed epidermal hyperplasia and skin inflammation in the same time frame as *Traf2^EKO^* animals ([Figure 10](#fig10){ref-type="fig"}). Furthermore, the location of skin disease in both *Traf2^EKO^Map3k14^aly/aly^*and *Traf2^EKO^Nfkb2^-/- ^*was different to that in *Traf2^EKO ^*animals ([Figures 9A](#fig9){ref-type="fig"} and [10C](#fig10){ref-type="fig"}). Loss of *Traf2* usually caused lesions in the submental and forehead area, while lesions in *Traf2^EKO^Map3k14^aly/aly ^*and *Traf2^EKO^Nfkb2^-/-^* mice appeared around the legs and sometimes spread over the whole ventral area ([Figures 9A](#fig9){ref-type="fig"}, [10A,C](#fig10){ref-type="fig"}). We were unable to examine *Traf2^EKO^Tnf^-/-^Map3k14^aly/aly^*mice because *Tnf^-/-^Map3k14^aly/aly^*mice were highly susceptible to infections and difficult to breed (Data not shown). However, depletion of both TNF and NF-κB2 completely prevent the psoriasis-like inflammation in the *Traf2^EKO^* mice ([Figure 10](#fig10){ref-type="fig"}). Three out of thirteen of the *Traf2^EKO^Tnf^-/-^Nfkb2^-/-^* mice developed skin lesions at an early age around the mouth and anus ([Figure 10C,D](#fig10){ref-type="fig"}). This is likely to be due to the susceptibility of NFκB2 deficient mice to opportunistic infections because both *Tnf^-/-^Nfkb2^-/-^* and *Traf2^EKO/EKO^Nfkb2^-/-^* mice also succumbed to such infections ([Figure 10C](#fig10){ref-type="fig"}) and ([@bib53]; [@bib75]). However, most of the *Traf2^EKO^Tnf^-/-^Nfkb2^-/-^*mice were healthy up to 36 weeks of age without showing any sign of inflammation ([Figure 10](#fig10){ref-type="fig"}).10.7554/eLife.10592.013Figure 9.NIK mutation (*aly*) does not rescue the inflammation in *Traf2^EKO^*mice.(**A**) Representative images and skin sections of mice with indicated genotypes. Scale bars = 100 μm. (**B**) Kaplan-Meier graph indicating the time that the mice with the skin lesions, needed to be sacrificed according to animal ethics regulations.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.013](10.7554/eLife.10592.013)10.7554/eLife.10592.014Figure 10.Depletion of both *Tnf* and *Nfkb2* rescues the skin inflammation caused by loss of TRAF2 in keratinocytes. (**A-C**) Representative images and skin sections of indicated mice stained with haematoxylin/eosin (H&E), immunostained for indicated epidermal differentiation markers (in red) and nuclei (Hoechst; in blue) and immunohistochemistry for pan leukocyte marker (CD45), cleaved caspase-3 (CC3) and toluidine blue (TB). Scale bars = 100 μm. (**D**) Kaplan-Meier graph depicting survival of indicated mouse strains.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.014](10.7554/eLife.10592.014)

Discussion {#s3}
==========

TRAF2 is believed to play a key role in TNF signalling, but this hypothesis has not been tested in all tissues, and there are conflicting data on its role. Some of the strongest evidence from knock-out and dominant negative TRAF2 transgenic mice suggests that loss of TRAF2 delays or reduces TNF-induced NF-κB and JNK and is required to protect cells from TNF-induced death ([@bib31]; [@bib74]). How TRAF2 might perform these functions is not clear. On the one hand, a ∆RING TRAF2 is unable to protect *Traf2*^-/-^*Traf5*^-/-^ cells from TNF-induced death even though it is sufficient to reconstitute TNF-induced NF-κB ([@bib68]; [@bib79]). This suggests that the E3 ligase activity of TRAF2 is not required for TNF-induced NF-κB but is required to protect cells from TNF-induced death. On the other hand, it has been demonstrated that the RING domain of TRAF2 is atypical and seemingly unable to recruit E2 ubiquitin-conjugating enzymes ([@bib76]). A potential resolution for this conundrum was proposed by Alvarez et al. who suggested that the RING of TRAF2 required a lipid co-factor, S1P, to function as an E3 ligase ([@bib3]). However, this solution is problematic because these authors showed that loss of SPHK1, and therefore S1P, prevented TNF-induced ubiquitylation of RIPK1 and TNF-induced activation of NF-κB; yet, neither of these two events depends upon the RING finger of TRAF2 ([@bib68]; [@bib79]). Another difficulty with the Alvarez interpretation of their data is that *Sphk1*^-/-^ mice are viable and relatively normal ([@bib2]), while *Traf2* knock-outs on a C57BL/6 background die before or shortly after birth ([@bib74]) and on a BALB/c background develop severe colitis and die within three weeks after birth ([@bib43]). However, if their hypothesis is correct then the phenotype of the *Sphk1*-deficient mice should be equal to, if not more severe than, that of *Traf2*^-/-^ mice. Two groups have explored the implications of the Alvarez finding further: Adada et al. showed that SPHK1 is required for activation of MAPK p38 but not NF-κB after TNF stimulation ([@bib1]), while Xiong et al. showed that neither SPHK1 nor SPHK2 are required for TNF-mediated activation of NF-κB and MAP kinases in macrophages ([@bib73]).

To explore this problem we performed a detailed analysis of TRAF2 function using cells from a number of different *Traf2^-/-^*tissues and compared their responses to TNF with *Sphk1*^-/-^ cells. Surprisingly, *Traf2-* or *Sphk1-*deficient BMDMs activated NF-κB, JNK and ERK like wild-type cells in response to TNF, and were insensitive to TNF-induced cell death. However, *Traf2*^-/-^ cells were more sensitive than wild-type cells to Smac-mimetic-induced killing, showing that loss of TRAF2 increases the sensitivity of BMDMs to TNF if cIAPs are absent. There might be two reasons for this extra sensitivity: TRAF2 might recruit other E3 ligases that provide some protection in the absence of cIAPs from TNF-induced killing; alternatively, it has been reported that TRAF2 can K48-ubiquitylate caspase-8 and promote its proteosomal degradation, thereby inhibiting TRAIL-induced apoptosis ([@bib17]). TRAF2 might therefore play a similar role downstream of TNFR1 in macrophages, leading to more TNF-induced death in the absence of cIAPs.

Because loss of TRAF2 had no noticeable effect on TNF signalling in macrophages, we were unable to compare the role of TRAF2 and SPHK1 in TNF signalling. Therefore, we extended our investigation into the role of TRAF2 and SPHK1 in MEFs, MDFs and keratinocytes. These cells required TRAF2 for full-strength TNF signalling and TRAF2 deficiency made them sensitive to TNF-induced death. However, SPHK1 deficiency did not affect either NF-κB or MAPK activation in these cells and they were resistant to TNF-induced death. Consistent with these data we found that ubiquitylation of RIPK1 upon TNF stimulation was normal in *Sphk1* knock-out MDFs but delayed and weakened in *Traf2*^-/-^ MDFs. TRAF2 has been shown to ubiquitylate the large subunit of caspase-8 and inhibit FasL or TRAIL-induced apoptotic cell death in human cell lines ([@bib17]). However, we did not detect any caspase-8 ubiquitylation upon TNF stimulation in MDFs. These data indicate that role of TRAF2 in TNF signalling is cell type-specific. In cell types where TRAF2 is required for TNF signalling our data are in line with earlier studies on *Traf2^-/-^*or dominant negative transgenic mice, because we see defects in JNK activation and delayed NF-κB activation ([@bib31]; [@bib74]). However, in cell types where loss of TRAF2 results in defective TNF signalling, we were unable to detect any equivalent defect in *Sphk1* deficient cells, arguing against the idea that S1P is an essential cofactor required for TNF-induced, TRAF2-dependent, NF-κB.

Studies on TRAF2 deficient B cells revealed a crucial role for TRAF2 in B cell development and examined the consequences of *Traf2* deficiency on CD40 and BAFF signalling ([@bib15]; [@bib26]). Aside from lymphocytes, however, a physiological role for TRAF2 in cells or tissues has not been well defined. Recent studies suggest that TRAF2 could have a crucial role in adult tissue homeostasis; three-week-old *Traf2^-/-^*mice on the BALB/c background developed spontaneous colitis, and this phenotype was due to the death of the colonic epithelium ([@bib43]). In another study, intraperitoneal injection of Tamoxifen to *Traf2^loxp/loxp^Rosa-Cre-ER^T2^* mice induced inflammation in the intestine and mortality after one week ([@bib42]). However, it is not entirely clear whether these defects are due to the loss of TRAF2 in epithelial cells or hematopoietic cells. Therefore, we specifically targeted *Traf2* in keratinocytes and investigated the role of TRAF2 in the epidermis. Keratinocyte-specific *Traf2* knock-out mice developed epidermal hyperplasia and severe skin inflammation, leading to noticeable lesions around head and submental area by 6 weeks of age. However, consistent with previous reports ([@bib2]; [@bib73]), no sign of inflammation was detected in the skin of *Sphk1^f/f^Sphk2^-/-^Rosa-Cre-ER^T2 ^*mice following activation of Cre-mediated gene deletion with Tamoxifen (Data not shown). Thus, total lack of SPHK isoenzymes did not phenocopy the skin defects seen in the absence of TRAF2, again arguing against an essential role for S1P in TRAF2\'s function.

Several mouse models of skin inflammation have been rescued by depletion of TNF ([@bib16]; [@bib37]; [@bib40]). While TNF is a major inflammatory mediator and directly drives production of a host of inflammatory cytokines through TNFR1 signalling, it has been proposed that TNF-induced cell death, specifically necroptosis, might also generate Damage Associated Molecular Patterns (DAMPs) that could activate Toll Like Receptors, or other analogous receptors to indirectly promote inflammatory cytokine production ([@bib16]; [@bib41]). The relative contribution of these two pathways to inflammation in vivo, and particularly in human pathology, is still unclear. Keratinocyte hyperplasia in *Sharpin^cpdm/cpdm^* mice can be driven by TNF-induced apoptotic death, because deletion of just one allele of *Casp8* or epidermal *Fadd* deletion markedly ameliorated or prevented the TNFR1-dependent inflammatory phenotype ([@bib30]; [@bib47]). Furthermore, epidermal *cFlip (cflar)* knock-out causes excessive apoptotic death and an initial wave of very rapid hyperplasia in the epidermis that is rescued by TNF inhibition ([@bib39]). Complicating this picture, caspase-8 deficiency in keratinocytes also causes inflammation in the skin and this is rescued partially by *Tnf* or *Tnfr1* deletion ([@bib29]). However, in this case the inflammation was attributed to constitutive activation of Interferon Regulatory Factor-3 (IRF3), which induces the expression of cytokines and chemokines in the epidermis of *casp8* epidermal knock-out independently of TNF ([@bib29]). The skin inflammation of epidermal caspase-8-deficient mice ([@bib70]), but not of epidermal *cFlip*-deficient mice ([@bib39]), is completely rescued by loss of RIPK3. Therefore, Weinlich et al. suggested that necroptosis is the cause of inflammation in the epidermal *casp8* knock-out. Similarly, *Fadd^EKO^, Ripk1^EKO^* and *Ripk1^-/-^* mice develop skin inflammation that has been attributed to RIPK3-dependent necroptosis, highlighting the importance of this pathway in the skin ([@bib7]; [@bib11]; [@bib12]; [@bib48]). In our model, TNF deficiency only delayed the *Traf2^EKO^* skin phenotype and did not rescue it completely, and inflammation induced by loss of TRAF2 was not prevented by loss of the necroptotic effector MLKL. This was consistent with our analyses on the type of TNF-induced cell death in *Traf2^-/- ^*keratinocytes, which was predominantly apoptotic. Therefore, we have crossed *Traf2^EKO^* to *Mlkl^-/-^Casp8^-/- ^*mice and rescued the early TNF-dependent skin inflammation. Unfortunately, we were unable to age these mice more than 15 weeks, as they developed lymphadenopathy, and we could therefore not examine the effect of *Mlkl^-/-^Casp8^-/- ^*on the late onset inflammation in the skin. Recently, it has been shown that apoptotic cells could also release DAMPs such as ATP ([@bib45]), and our results support the idea that excessive apoptosis can be inflammatory.

Although the microscopic phenotypes of *Traf2^EKO ^*or *Traf2^EKO^Tnf^-/-^* were similar to human psoriatic lesions, we are not sure whether the infiltration of the immune cells entirely resembles human psoriasis. In our models we observed infiltration of neutrophils and IFNγ-producing CD4^+^ T cells to the skin, which is similar to human psoriasis. However, dermal dendritic cells, macrophages, other subtypes of T helper cells (Th2 and Th17) and cytotoxic T cells have also been reported to have essential roles in initiation and development of psoriasis ([@bib38]). More investigation about the involvement of different immune cells in different stages of the disease is clearly warranted.

While *Tnf* deficiency delayed the appearance of the inflammatory skin phenotype in *Traf2^EKO^* mice, at later time points the epidermis thickened and there was a leukocyte infiltration. Because *Traf2* deficiency is specific to keratinocytes this implies that there are one or more keratinocyte-intrinsic factors that either promote proliferation and attract inflammatory cells to the skin or attract inflammatory cells which promote keratinocyte proliferation. One possibility is that the constitutive non-canonical NF-κB signalling observed in *Traf2^EKO^Tnf^-/-^* keratinocytes promotes their proliferation. However, in contrast to *Traf2^-/- ^*lymphocytes ([@bib15]), proliferation of *Traf2^EKO^Tnf^-/-^* keratinocytes in culture was not altered compared to controls. This suggests that epidermal hyperplasia in the *Traf2^EKO^Tnf^-/-^* mice is not the result of an intrinsic growth advantage of *Traf2*^-/-^ keratinocytes. IL-17 plays an important role in inflammatory diseases and monoclonal antibodies targeting IL-17 such as secukinumab and ixekizumab are performing well in psoriasis patients ([@bib61]). These successes indicate that IL-17 plays an important role in human psoriasis and it has been shown that IL-17 can induce proliferation of keratinocytes in vivo ([@bib20]). TRAF3 interacting protein 2 and TRAF3 have been linked to IL-17 signalling ([@bib46]; [@bib80]) where TRAF3 negatively regulates IL-17 receptor signalling. We therefore considered that loss of TRAF2 might have a similar effect to loss of TRAF3 and that IL-17 might promote keratinocyte proliferation in TRAF2-deficient keratinocytes. However, in our experiments, IL-17 did not increase *Traf2*^EKO/EKO^*Tnf*^-/-^ keratinocyte proliferation compared to *Traf2*^EKO/+^*Tnf*^-/-^ cells in vitro and loss of TRAF2 had no impact on IL-17-mediated activation of NF-κB and p38 in keratinocytes. While this does not exclude a role for IL-17 in the psoriasis-like skin phenotype observed in *Traf2^EKO^* or *Traf2^EKO^Tnf*^-/-^ mice, we hypothesized that *Traf2^EKO^Tnf*^-/-^ keratinocytes produced other factors to recruit inflammatory cells to the skin.

We therefore analysed and compared supernatants from *Traf2^EKO/EKO^Tnf*^-/-^ and *Traf2^EKO/+^Tnf*^-/- ^keratinocytes using Mass Spectrometry, Western blot and ELISA. However, we were unable to detect cytokines such as IL-6, IL-23, IL-24, IL-33, TSLP, IL-18, MCP-1 and GM-CSF using these methods (Data not shown). This failure might be due to low levels of secretion of these factors by keratinocytes maintained in serum-free media, so we investigated the transcription of inflammatory genes. At the mRNA level, several inflammatory genes were highly elevated in *Traf2^EKO/EKO^Tnf*^-/-^ compared to *Traf2^EKO/+^Tnf*^-/- ^keratinocytes, and many of these, such as M-CSF and IL-23, have been implicated in the development of inflammatory diseases ([@bib36]; [@bib65]; [@bib77]).

Depletion of non-canonical NF-κB signalling prevents early lethality in *Traf2^-/-^* mice ([@bib32]; [@bib64]) but did not rescue the *Traf2^EKO^* skin phenotype in our model. Surprisingly, the inflammatory lesions appeared with a different pattern in *Traf2^EKO^Nik^aly/aly^* and the onset of inflammation was even earlier than in *Traf2^EKO^* mice. This could be either due to the susceptibility of *Nik^aly/aly^* to autoimmunity that is exacerbated by the loss of TRAF2 or there could be another unknown pathway inhibited by TRAF2 that is worsened by NIK mutation. In *Traf2^EKO^Nfkb2^-/-^* animals, the onset of inflammation was similar to *Traf2^EKO^* mice, but the development of disease was slightly slower and mice survived marginally longer.

These data show that TNF-dependent cell death, but not non-canonical NF-κB, is a driver of the early inflammation in *Traf2^EKO^*mice. Constitutive activation of non-canonical NF-κB in *Traf2^EKO^Tnf*^-/-^ mice might, however, be responsible for the later onset skin disease that developed in these *Tnf-*deficient mice ([Figure 11](#fig11){ref-type="fig"}). To test this, we deleted both *Tnf* and *Nfkb2*, which completely rescued the skin inflammation in *Traf2^EKO^*mice. These data provide insights into the mechanism of initiation and development of inflammatory skin disease that may be important to further understanding of diseases such as psoriasis. Moreover, our findings provide further evidence that TNF-induced apoptosis can play a role in inflammatory skin disease and indicate that defects in keratinocytes themselves can initiate TNF-dependent and -independent inflammation. Importantly, we have shown that non-canonical NF-κB signalling can be the driver of inflammation in epithelial cells. This observation might be relevant to human psoriasis because it has been reported that the levels of TWEAK and its receptor Fn-14 are elevated in human psoriatic lesions ([@bib8]), and it is well established that TWEAK/Fn14 signalling induces degradation of TRAF2 and activation of non-canonical NF-κB signalling ([@bib51]; [@bib67]). Thus, our results suggest that inhibition of non-canonical NF-κB signalling might be beneficial in chronic inflammatory disease together with TNF inhibitors.10.7554/eLife.10592.015Figure 11.Proposed mechanisms by which loss of TRAF2 in keratinocytes causes a psoriasis-like skin inflammation.(**A**) In normal wild-type skin TNF signalling might be activated by local penetration of bacteria into the epidermis. This will induce TNF, presumably by keratinocytes themselves or other resident cells such as Langerhans cells, and promotes canonical NF-κB signalling, inflammatory cytokine production and expression of prosurvival genes. If this response nullifies the threat, TNF signalling is turned off and homeostasis of the skin is maintained. (**B**) In the absence of TRAF2 in keratinocytes, TNF production can induce apoptotic cell death. This cell death, possibly because of the release of DAMPs, recruits neutrophils and other inflammatory cells to the skin and causes epidermal hyperplasia. Loss of TRAF2 also causes constitutive non-canonical NF-κB activation in viable keratinocytes, which increases the production and release of inflammatory cytokines, including TNF. Thus, TRAF2-deficient keratinocytes do not need to be stimulated by bacteria to produce TNF, and TNF-induced death sets up a potentially vicious cycle of inflammation. (**C**) Concomitant deletion of *Tnf* in mice with *Traf2*-deficient keratinocytes breaks this vicious cycle and prevents apoptosis of keratinocytes and early onset of the psoriasis-like phenotype. (**D**) In the absence of TNF, *Traf2*-deficient keratinocytes still produce inflammatory cytokines via the non-canonical NF-κB pathway that ultimately generate the same psoriasis-like phenotype in mice but with slower onset. These cytokines recruit inflammatory immune cells to the skin, including neutrophils and IFNγ^+ ^T cells.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.015](10.7554/eLife.10592.015)

Materials and methods {#s4}
=====================

Mice {#s4-1}
----

Mice were maintained at the Walter and Eliza Hall Institute (WEHI) under the approval of WEHI ethics committee. Animal technicians performed unbiased mouse monitoring and informed us if mice developed skin inflammation and needed to be sacrificed according to the WEHI animal ethic guidelines.

Immunobloting {#s4-2}
-------------

Cell lysates were prepared using DISC buffer (1% NP-40, 10% glycerol, 150 mM NaCl, 20 mM Tris pH 7.5, 2 mM EDTA, Roche \[Basel, Switzerland\] cOmplete protease inhibitor cocktail, 2 mM sodium orthovanadate, 10 mM sodium fluoride, β-glycerophosphate, N~2~O~2~PO~7~). Cell lysates were loaded on NuPAGE Bis-Tris gels (Life Technologies, Carlsbad, CA) and transferred on to Immobilon-P PVDF membranes (Millipore, Billerica, MA) or Hybond-C Extra (GE Healthcare, Little Chalfont, UKGE Healthcare). Membranes were blocked and antibodies diluted in 5% skim milk powder or Bovine Serum Albumin (BSA) in 0.1% Tween20 in PBS or TBS. Antibodies used for Western blot were: Cleaved caspase-3 (9661) and -8 (8592), phospho-JNK1/2 (4668P), phospho-p38 (4511), p38 (9212), caspase-8 (4927), JNK1/2 (9252), IκBα (CN: 9242) and phospho-p65 (3033) from Cell Signaling Technology (Danvers, MA), β-actin (A-1978; Sigma-Aldrich, St. Louis, MO), cFLIP (AG-20B-0005; Adipogen, Epalinges, Switzerland), RIPK1 (610458; BD Transduction Laboratories, San Jose, CA) and VDAC1 (AB10547; Millipore). Monoclonal antibody for TRAF2 was made in-house and raised against the RING domain of TRAF2 (Clone: 6/12-2D1-22-1). cIAP1 antibody was made in house and is distributed by ENZO Life Sciences (1E1-1-10; Farmingdale, NY). MLKL antibody was made in-house as described ([@bib35]). Signals were detected by chemiluminescence (Millipore) after incubation with secondary antibodies conjugated to HRP.

Immuno precipitation of ubiquitin-conjugates (TUBE IP) {#s4-3}
------------------------------------------------------

Tandem Ubiquitin Binding Entities (TUBE1: binds to K6-, K11-, K48- and K63-linked polyubiquitin; Lifesensors, Malvern, PA) beads were used to purify ubiquitin conjugates from MDFs according to the manufacturer's recommendations ([@bib24]). Wild--type, *Traf2^-/- ^*and *Sphk1^-/^*^-^ immortalised MDFs were treated with TNF (100 ng/ml) in the absence or presence of Q-VD-OPh (QVD; 10μM; SM Biochemicals, Anaheim, CA) and Necrostatin (Nec; 50μM; Biomol, Farmingdale, NY) for the times indicated and lysed in ice-cold DISC buffer. The lysates were incubated with TUBE beads for 2 hr at 4°C before washing 3x in ice-cold PBS-Tween. Washed beads were resuspended in 1x SDS sample buffer, separated on SDS-PAGE gels and subjected to Western blotting and probed with the indicated antibodies.

Histology and immunofluorescence {#s4-4}
--------------------------------

Skin samples were fixed in 10% neutral buffered formalin, paraffin-embedded, and sectioned for routine histology staining (H&E). For skin immunofluorescence, parafin sections were de-waxed, subjected to heat-induced epitope retrieval (HIER) with citrate buffer, blocked in 3% goat serum, then permeabilised with 0.3% Triton X-100, and stained with keratin 6 (Covance) or keratin 14, and goat anti-rabbit Alexa 594 (Invitrogen, Carlsbad, CA) antibodies. Nuclei were visualized using Hoechst (Invitrogen). For tissue immunohistochemistry, sections were dewaxed and subjected to antigen retrieval in trypsin buffer or HIER with citrate buffer and stained with anti-CC3 (9691; Cell Signaling Technology, Danvers, MA), anti-CD45 (BD, San Jose, CA) and goat anti-rabbit biotinylated antibodies. Images were taken using a DP72 microscope and cellSens Standard software (Olympus, Tokyo, Japan).

Isolation of cells from skin and cytokine measurement {#s4-5}
-----------------------------------------------------

Skin was separated from the tail of an adult mouse and incubated in dispase II (20 mg/ml) at 4°C for 24 hr and keratinocytes and MDFs were isolated from the epidermal and dermal layers respectively as described before ([@bib14]; [@bib47]). TNF ELISA was performed using (88--7324; eBioscience, San Diego, CA) kit following the manufacturer\'s protocol.

Generation of immortalised MEFs and MDFs {#s4-6}
----------------------------------------

MEFs were generated from E15 embryos by removing their head and liver and passing through a cell strainer. MEFs and MDFs were immortalised by infecting these cells with a lentivirus expressing SV40 Large T antigen.

qPCR inflammation array {#s4-7}
-----------------------

Cultured keratinocytes in one well of a 6-well plate were lysed in 500 μl TRIzol (Invitrogen) and the RNA was purified using PureLink RNA purification kit (Ambion, Carlsbad, CA). cDNA was made with SuperScript VILO cDNA Synthesis kit (Invitrogen) and qPCR was performed using TaqMan Open Array mouse inflammation panel (Applied Biosystems, Carlsbad, CA) on a QuantStudio 12K Flex machine (Life Technologies) following the manufacturer protocols.

Statistical analyses of qPCR inflammation array data {#s4-8}
----------------------------------------------------

Ct values were exported from Life Science's Expression Suite software and statistical analysis was undertaken using the limma software package ([@bib49]). The maximum measurable Ct value was 40, so Ct values were transformed to a log2 expression scale by subtracting the Ct values from 41. The expression values were normalized using cyclic loess normalization ([@bib6]) with house-keeping probes up-weighted 10-fold. The cyclic method was set to \'affy\', the loess span was 0.7 and 3 cyclic iterations were used. The probes Gapdh, Pgk, Hmbs, Hprt and Ppia are treated as house-keeping. Probes were filtered out as unexpressed if they failed to achieve a normalized value of 4 in at least 3 samples. Comparisons were made between *Traf2^-/-^Tnf^-/-^* and *Traf2^+/-^Tnf^-/-^* keratinocytes using empirical Bayes t-statistics ([@bib57]). The empirical Bayes hyper-parameters were estimated robustly, including an abundance-dependent trend. The false discovery rate (FDR) was controlled below 0.05 using the method of Benjamini and Hochberg ([@bib4]).

Cell death and viability assay {#s4-9}
------------------------------

Cells were harvested after 24-hr treatment with human Fc-TNF (made in-house, referred as \'TNF\' in the manuscript) and Smac-mimetic (TetraLogic), and cell death was measured by Propidium Iodide (PI) staining and flow cytometry performed on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and analysed using Weasel (WEHI). Keratinocyte viability was assayed using CellTiter 96 (Promega, Madison, WI) according to the manufacturer's instructions.

Skin digestion and flow cytometry {#s4-10}
---------------------------------

Epidermal and dermal layers of ears were separated after 30 min incubation with 2.4 U/ml Dispase (GIBCO, Carlsbad, CA) at 37°C, followed by cutting into fine pieces and digested with 50 U/ml collagenase for 45 min at 37°C. Single-cell suspension was made in FACS buffer (PBS, 0.5% BSA; Sigma-Aldrich) and blocked with Fc block (eBioscience) and stained with the following antibodies in FACS buffer at 4°C as described before ([@bib10]). Antibodies raised against CD11c (N418), CD45.2 (A20), MHCII (M514.15.2), CD8α (53--6.7), CD4 (GK1.4), IFNγ, Ly6G (1A8), were purchased from BD biosciences. TCRβ (H57-597) and cd11b (M1/70) were purchased from eBioscience.

T cell stimulation {#s4-11}
------------------

Dermal T cells were isolated from the skin and resuspended in RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-Glutamine (GIBCO), 50 μM 2-mercaptoethanol (Sigma, St. Louis, MO) 100 U/ml penicillin/streptomycin (GIBCO). Cells were stimulated for 4 hr in presence of PMA (20 ng/ml) and Ionomycin (1 μg/ml) in presence of the GolgiPlug (BD Biosciences).

Reconstitution experiments {#s4-12}
--------------------------

Mice were irradiated with 550 rads twice with 3 hr minimum between irradiation. Approximately 5 million cells from the bone marrow of C57/BL6 or IFNγ mice were injected by tail i.v. to *Traf2^EKO^*. Mice were maintained on 2 mg/ml neomycin in drinking water for three weeks post irradiation.

Fractionation and Blue-Native PAGE {#s4-13}
----------------------------------

Stimulated keratinocytes were permeabilised in buffer containing 0.025% digitonin. Cytosolic and crude membrane fractions were further solubilized in 1% digitonin, resolved by Bis·Tris Native PAGE as described before ([@bib23]), and immuno-probed for MLKL.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your work entitled \"TRAF2 regulates TNF and NF-κB signalling to suppress apoptosis and skin inflammation independently of SPHK1\" for peer review at *eLife*. Your submission has been favorably evaluated by Tadatsugu Taniguchi (Senior Editor) and three reviewers, one of whom is a member of our Board of Reviewing Editors.

The following individuals responsible for the peer review of your submission have agreed to reveal their identity: Manolis Pasparakis and Hao Wu (peer reviewers).

The reviewers have discussed the reviews with one another and the Reviewing editor has drafted this decision to help you prepare a revised submission.

The authors used genetic, cellular, immunological, and histological tools to investigate the roles of TRAF2 in inflammation and cell death. TRAF2 knockout does not affect TNF-induced canonical NF-κB or MAPK signaling, or cell death in macrophages. The authors show that TRAF2 is required for TNF signaling in fibroblasts and keratinocytes, but SPHK1 (sphingosine kinase 1) knockout cells did not show altered canonical NF-κB signaling, MAPK, or apoptotic cell death when compared to wild-type cells. Loss of TRAF2 leads to epidermal hyperplasia and psoriasis-like inflammation in mice, which can be delayed but not fully reversed by deletion of TNF. Deletion of TRAF2 activates the non-canonical NF-κB signaling pathway through NIK, and double deletion of NF-κB2 and TNF fully rescued inflammation induced by TRAF2 deletion. In addition, they conclude that in contrast to its previously suggested essential in regulating TRAF2 E3 ligase activity dependent TNF signalling, SPHK1 is not required for TNF-induced activation of NF-κB or MAPK and for resistance to TNF-induced cell death.

This is a very nice manuscript reporting clear and well-controlled experiments that reveal an important function of TRAF2 in the maintenance of skin homeostasis. Also, the data on the (lack of) function of SPHK1 in TNF signalling is very convincing. The authors should discuss more carefully the skin pathology developing in their mice comparing with human psoriasis in terms of histological findings, the immune infiltrates, gene expression as well as the genetic studies.

Reviewer \#1 (Minor Comments):

1\) The Materials and methods is missing information about how TUBE experiment was conducted, and source of RIPK1 and cIAP antibodies.

2\) [Figure 2](#fig2){ref-type="fig"} is missing blot for levels of anti ERK, JNK and p38 (A) and anti JNK (E).

3\) The authors should be more consistent in all blots regarding time points when they compare effects of WT, *Traf2^-/-^* and *Sphk1^-/-^* cells.

4\) In [Figure 3A](#fig3){ref-type="fig"}, why is there no observed caspase-8 ubiquitination in WT and *Sphk1^-/-^* cells upon TNF stimulation, since cIAPs and TRAF2 (Gonzalvez et al., 2012) should be active? The authors may consider discussing this issue.

5\) [Figure 3C](#fig3){ref-type="fig"}: the authors should include also TUBE IP experiment with longer time points for *Traf2^-/-^* which would confirm their hypothesis about delayed NF-kB activation.

6\) [Figure 6](#fig6){ref-type="fig"}: the authors should add FACS contour plot and corresponding bar diagram for CD11b+Ly6C+ infiltrating neutrophils in *Traf2^EKO^Tnf^-/-^* as they did for other cell suspensions, and compare the data with results for CD4^+^ T cells.

7\) The authors should focus in Discussion on experiments with IL-17 and discuss potential other signals for activation of non-canonical NF-kB independent of TNF.

8\) [Figure 10C](#fig10){ref-type="fig"}: Kaplan-Meier graph does not depict final result with a survival of *Traf2^EKO^Tnf^-/-^Nfkb2^-/-^* mice for up to 36 weeks. Instead, it is showing only survival percentage for other 6 genotypes. Since this survival curve is one of the most crucial results, the authors should add it.

9\) The authors describe that loss of *Traf2* mostly induced lesions in anterior parts of the body, while animals lacking active TRAF2 and functional non-canonical NF-kB signaling were more susceptible to develop lesions in ventral and posterior parts. They should discuss possible reasons for these differences.

10\) In the last Results paragraph, the authors twice talk about the phenotype of *Traf2^EKO^*/+*Tnf^-/-^Nfkb2^-/-^* which isn\'t presented nowhere on figures. Please, provide figures showing these results or correct that paragraph.

Reviewer \#2 (Minor Comments):

In [Figures 1A](#fig1){ref-type="fig"} and [2A](#fig2){ref-type="fig"}, the β actin blots are not equalized among the lanes. It probably will not change the conclusions, but loading the same amount of samples to each lane will make the figures look more convincing.

Reviewer \#3 (Minor Comments):

The authors state that the triple mutant mice (TRAF2EKO, *Tnf^-/-^, Nfkb2^-/-^*) \'occasionally\' developed skin lesions but do not indicate how many mice have been analysed and how many developed lesions. Please clearly state the number of mice analysed for each genotype. It would also be helpful to clearly state the age of mice shown in all figures.

There is a wrong citation in the Discussion \"Several mouse models of skin inflammation have been rescued by depletion of TNF (Gerlach et al., 2011; Nenci et al., 2006; Pasparakis, Schmidt-Supprian, and Rajewsky, 2002).\" The citation Pasparakis, Schmidt-Supprian, and Rajewsky, 2002 is not the right one, the correct one is Pasparakis, Courtois et al., 2002.

[Figure 6D](#fig6){ref-type="fig"} in the subsection "Psoriasis-like inflammation in *Traf2^EKO^* mice is characterised by skin infiltration of neutrophils and IFNγ producing CD4^+^ T cells in" referring to the data on IFNγ+ T cells should be [Figure 6E](#fig6){ref-type="fig"}.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"TRAF2 regulates TNF and NF-κB signalling to suppress apoptosis and skin inflammation independently of Sphingosine Kinase 1\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Tadatsugu Taniguchi (Senior Editor), a Reviewing Editor, and one reviewer. The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below.

The inflammatory skin lesions developing in mice with keratinocyte-specific TRAF2 knockout can be described as psoriasis-like, but it is not correct to write that these mice develop psoriasis, as in the following instances in the manuscript:

In the subsection "Psoriasis-like inflammation in *Traf2^EKO^* mice is characterised by skin infiltration of neutrophils and IFNγ producing CD4^+^ T cells in": \"However, both wild type and *Ifng^-/-^*chimeras developed skin inflammation to the same extent indicating that IFNγ is not a major contributor to the psoriasis ([Figure 7](#fig7){ref-type="fig"}).\"

In the subsection "Blocking non-canonical NF-κB signalling and depletion of TNF together prevent inflammation caused by TRAF2 deficiency in keratinocytes": \"Contrary to our hypothesis, deficiency in *Map3k14* or *Nfkb2* did not prevent the psoriasis in *Traf2^EKO^* mice ([Figure 9](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}).\"

Discussion: \"Unfortunately, we were unable to age these mice more than 15 weeks as they developed lymphadenopathy and could therefore not examine the effect of *Mlkl^-/-^Casp8^-/-^* on the late onset psoriasis.\"

Discussion: \"While this does not exclude a role for IL-17 in the psoriasis observed in *Traf2^EKO^* or *Traf2^EKO^Tnf^-/-^* mice we hypothesized that *Traf2^EKO^Tnf^-/-^* keratinocytes produced other factors to recruit inflammatory cells to the skin.\"

In [Figure 11](#fig11){ref-type="fig"}, the schematic model gives the impression that in the absence of TNF the inflammatory skin lesions are induced by M-CSF and IL-23 released by keratinocytes and IFNγ produced by T cells. As there is no data in the paper supporting causal function of these cytokines, it would be more appropriate not to refer to specific cytokines or to at least clearly describe in the scheme and the legend that these cytokines may be implicated but their functional role remains to be experimentally addressed.

10.7554/eLife.10592.018

Author response

\[...\] This is a very nice manuscript reporting clear and well-controlled experiments that reveal an important function of TRAF2 in the maintenance of skin homeostasis. Also, the data on the (lack of) function of SPHK1 in TNF signalling is very convincing. The authors should discuss more carefully the skin pathology developing in their mice comparing with human psoriasis in terms of histological findings, the immune infiltrates, gene expression as well as the genetic studies.

Reviewer \#1 (Minor Comments):

1\) The Materials and methods is missing information about how TUBE experiment was conducted, and source of RIPK1 and cIAP antibodies.

Thanks for picking this up, we have now included the full information for the method and the source of the antibodies (subsection "Immuno precipitation of ubiquitin-conjugates (TUBE IP)").

2\) [Figure 2](#fig2){ref-type="fig"} is missing blot for levels of anti ERK, JNK and p38 (A) and anti JNK (E).

We repeated this experiment using the same time points as before and tested with a full panel of antibodies and the appropriate loading controls (new [Figure 2A](#fig2){ref-type="fig"} and [Author response image 1](#fig12){ref-type="fig"}). As before, IκBα degradation is complete in *Sphk1*^-/-^ and wild type MEFs but incomplete in *Traf2^-/-^*MEFs (n=1 primary MEF, n=4; comprising 3 biologically independent transformed MEF lines, one of which was tested twice). Likewise, JNK phosphorylation is maximal in wild type and *Sphk1*^-/-^ MEFs and is reduced and delayed in *Traf2^-/-^*MEFs (n=3). In the previous figure we had included phospho-p38 and phospho-ERK blots, however, in repeating experiments with different sources of MEFs for the revision, we observed variations in these responses. Therefore we cannot draw conclusions based on this data and have removed them. This fits with our poor experience with different biological MEF lines and is the reason that we prefer to use the far more reliable dermal fibroblasts (e.g. [Figure 3](#fig3){ref-type="fig"}).10.7554/eLife.10592.016Author response image 1.Primary (Top left) and transformed MEFs generated from the indicated knock-out mice stimulated with TNF for the indicated times and Western blotted with the indicated antibodies.These indicate the reproducibility of the results that we have shown in our final manuscript.**DOI:** [http://dx.doi.org/10.7554/eLife.10592.016](10.7554/eLife.10592.016)

3\) The authors should be more consistent in all blots regarding time points when they compare effects of WT, Traf2^-/-^ and Sphk1^-/-^ cells.

In [Figure 2A, B, D and E](#fig2){ref-type="fig"} we analyse 15, 60 and 120 minutes following TNF stimulation, which are well established time points that allow us to monitor activation and the return to baseline. In [Figure 2E](#fig2){ref-type="fig"} we also include time points of 4 and 6 hr because keratinocytes are a particularly important cell type in the study and we thought it relevant to investigate a prolonged response. In [Figure 3A](#fig3){ref-type="fig"}, using the more involved TUBE protocol in MDFs we examined the early time

point of 5 minutes because ubiquitylation occurs as an early during the signalling cascade. When we saw a defect in ubiquitylation in *Traf2^-/-^*cells we extended the analysis to 60 minutes (old [Figure 3B](#fig3){ref-type="fig"}) because that is where we started to observe NF-κB activation in *Traf2^-/-^*MDFs ([Figure 2B](#fig2){ref-type="fig"}). Because we saw a

delayed RIPK1 ubiquitylation in *Traf2^-/-^*cells (old [Figure 3B](#fig3){ref-type="fig"}) this led us to question whether *Sphk1*^-/-^ cells might also activate ubiquitylation aberrantly and therefore we performed a more detailed analysis of 15, 30, 60, 90 and 120 minutes in these cells (old [Figure 3C](#fig3){ref-type="fig"}).

In response to the reviewer\'s comment we have now analysed the 0, 15, 60 and 120 minute time points following TNF stimulation of *Traf2^-/-^*and *Sphk1*^-/-^ MDFs and compared to wild type MDFs in the same experiment (New [Figure 3B](#fig3){ref-type="fig"}). The reviewers will appreciate that these new results are identical with the old results and entirely consistent with the other data that we show in [Figure 2B (I](#fig2){ref-type="fig"}κBα degradation, caspase-8 activation and ERK phosphorylation). Therefore we have removed the old [Figure 3B and C](#fig3){ref-type="fig"} and replaced these panels with our new [Figure 3B](#fig3){ref-type="fig"}.

4\) In [Figure 3A](#fig3){ref-type="fig"}, why is there no observed caspase-8 ubiquitination in WT and Sphk1^-/-^ cells upon TNF stimulation, since cIAPs and TRAF2 (Gonzalvez et al., 2012) should be active? The authors may consider discussing this issue.

In Gonzalvez et althe authors use TRAIL or the Fas activating antibody Jo2 in HCT116 *Bax*^-/-^ cells to examine ubiquitylation of caspase-8, which they observed most strongly 1 hr post stimulation. In [Figure 3A](#fig3){ref-type="fig"} we analysed 5 minutes post TNF stimulation in MDFs. In our new experiment (new [Figure 3B](#fig3){ref-type="fig"}), we extended our analysis to 120 minutes and also do not see signs of an ubiquitylated form of caspase-8 in wild type and *Sphk1*^-/-^ cells. However we think the completely different treatments and cell types used in these two works preclude us from drawing any conclusion or adding anything productive to the Discussion.

5\) [Figure 3C](#fig3){ref-type="fig"}: the authors should include also TUBE IP experiment with longer time points for Traf2^-/-^ which would confirm their hypothesis about delayed NF-kB activation.

As requested we have repeated this experiment (new [Figure 3B](#fig3){ref-type="fig"}), which repeats and extends our previous observation that ubiquitylation of RIPK1 and phosphorylation of ERK is delayed and weaker in *Traf2^-/-^*MDFs compared to wild type or *Sphk1*^-/-^ cells.

6\) [Figure 6](#fig6){ref-type="fig"}: the authors should add FACS contour plot and corresponding bar diagram for CD11b+Ly6C+ infiltrating neutrophils in Traf2^EKO^Tnf^-/-^ as they did for other cell suspensions, and compare the data with results for CD4^+^ T cells.

We have added the requested data quantifying CD11b Ly6G neutrophils from the epidermis of *Traf2^EKO^Tnf*^-/-^ mice (new panel in [Figure 6A](#fig6){ref-type="fig"} and new data in 6B). We have also now added flow cytometry plots to examine and quantify recruitment of neutrophils into the dermis of *Traf2^EKO^*and *Traf2^EKO^Tnf*^-/-^ mice compared with wild type dermis (New [Figure 6C and 6D](#fig6){ref-type="fig"}).

7\) The authors should focus in Discussion on experiments with IL-17 and discuss potential other signals for activation of non-canonical NF-kB independent of TNF.

In the Discussion section, we have added discussion on the clinical results with secukinumab and ixekizumab and the implications and limitations of our in vitroexperiments.

\"IL-17 plays an important role in inflammatory diseases and monoclonal antibodies targeting IL-17 such as secukinumab and ixekizumab are performing well in psoriasis patients (Tse, 2013). \[...\] However, in our experiments IL-17 did not increase *Traf2*^EKO/EKO^*Tnf*^-/-^ keratinocyte proliferation compared to *Traf2*^EKO/+^*Tnf*^-/-^ cells in vitroand loss of TRAF2 had no impact on IL-17 mediated activation of NF-κB and p38 in keratinocytes. While this does not exclude a role for IL-17 in the psoriasis observed in *Traf2^EKO^*or *Traf2^EKO^Tnf*^-/-^ mice we hypothesized that *Traf2EKOTnf*^-/-^ keratinocytes produced other factors to recruit inflammatory cells to the skin.\"

Likewise we have included a discussion on the implications of our results regarding non-canonical NF-κB signalling and psoriasis:

\"This observation might be relevant to human psoriasis because it has been reported that the levels of TWEAK and its receptor Fn-14 are elevated in human psoriatic lesions (Cheng et al., 2015) and it is well established that TWEAK/Fn14 signalling induces degradation of TRAF2 and activation of non-canonical NF-κB signalling (Saitoh et al., 2003; Vince et al., 2008). Thus, our results suggest that inhibition of non-canonical NF-κB signalling might be beneficial in chronic inflammatory disease together with TNF inhibitions.\"

8\) [Figure 10C](#fig10){ref-type="fig"}: Kaplan-Meier graph does not depict final result with a survival of Traf2^EKO^Tnf^-/-^Nfkb2^-/-^ mice for up to 36 weeks. Instead, it is showing only survival percentage for other 6 genotypes. Since this survival curve is one of the most crucial results, the authors should add it.

Our apologies. The data was there but it was incorrectly colour coded (pink instead of blue) and was in an unfortunate position so that it gave the impression of demarking the graph boundary. We have now changed the format of this graph so that it is clear which survival line corresponds to which mouse strain. We have also substantially increased the numbers of the strains that are most directly relevant, namely *Traf2^-/-^Tnf*^-/-^*Nfkb2*^-/-^ (from 4 to 13) and *Traf2^-/-^Tnf*^-/-^*Nfkb2*^-/+^ (from 9 to 15). These new data also incorporate three *Traf2^-/-^Tnf*^-/-^*Nfkb2*^-/-^ mice that die of other causes than psoriasis. These causes are most likely due to their immune deficiency and also occur in *Tnf*^-/-^*Nfkb2*^-/-^ and *Traf2^EKO/EKO^Nik(Map3K14)^aly/aly^*mice ([Figures 9A](#fig9){ref-type="fig"} and [10C](#fig10){ref-type="fig"}).

9\) The authors describe that loss of Traf2 mostly induced lesions in anterior parts of the body, while animals lacking active TRAF2 and functional non-canonical NF-kB signaling were more susceptible to develop lesions in ventral and posterior parts. They should discuss possible reasons for these differences.

We note that we also see the same lesions developing in *Traf2^EKO/EKO^Nfkb2*^-/-^*Tnf*^-/-^ and *Tnf*^-/-^*Nfkb2*^-/-^ mice ([Figure 10D](#fig10){ref-type="fig"}). NIK and non-canonical NF-κB signalling play an important role in immune responses and in establishing the immune system. Given the location of the lesions in *Traf2^EKO/EKO^Nfkb2*^-/-^ and *Traf2^EKO/EKO^Nfkb2*^-/-^*Tnf*^-/-^ mice, we think it likely that these lesions are connected with a failure to correctly regulate responses to bacteria in these locations. This is consistent with the other report that fails to generate complete *Traf2*^-/-^*Map3k14*^-/-^ or *Traf2*^-/-^*Map3k14*^-/-^*Tnf*^-/-^ mice (Lin, PNAS 2011) that we have cited.

10\) In the last Results paragraph, the authors twice talk about the phenotype of Traf2^EKO^/+Tnf^-/-^Nfkb2^-/-^ which isn\'t presented nowhere on figures. Please, provide figures showing these results or correct that paragraph.

These mice were shown in [Figure 11](#fig11){ref-type="fig"}, which has now been merged with [Figure 10](#fig10){ref-type="fig"}. We have provided the appropriate figure reference ([Figure 10C](#fig10){ref-type="fig"}) for the statement concerning these mice in the text. One of the references to this strain of mice, in the last sentence of the Results section, was however a typo. It should have referred to *Traf2^EKO/EKO^Tnf^-/-^Nfkb2^-/-^*and we have now fixed this error.

Reviewer \#2 (Minor Comments):

In [Figures 1A](#fig1){ref-type="fig"} and [2A](#fig2){ref-type="fig"}, the β actin blots are not equalized among the lanes. It probably will not change the conclusions, but loading the same amount of samples to each lane will make the figures look more convincing.

In [Figure 1A](#fig1){ref-type="fig"} the actin signal was burnt out due to over-exposure. We have replaced this loading control with a shorter exposure time.

We repeated the experiment in [Figure 2A](#fig2){ref-type="fig"} and the new experiment has loading controls for JNK and a more representative actin blot.

Reviewer \#3 (Minor Comments):

The authors state that the triple mutant mice (TRAF2EKO, Tnf^-/-^, Nfkb2^-/-^) \'occasionally\' developed skin lesions but do not indicate how many mice have been analysed and how many developed lesions. Please clearly state the number of mice analysed for each genotype. It would also be helpful to clearly state the age of mice shown in all figures.

We have discussed and included pictures of these mice and provided the pertinent information about the age of the mice:

\"Three out of 13 of the *Traf2^EKO^Tnf^-/-^Nfkb2^-/-^*mice developed skin lesions at an early age around the mouth and anus ([Figure 10C and 10D](#fig10){ref-type="fig"}). This is likely to be due to the susceptibility of NFκB2 deficient mice to opportunistic infections because both *Tnf^-/-^Nfkb2^-/-^*and *Traf2^EKO/EKO^Nfkb2^-/-^*mice succumbed to such infections ([Figure 10C](#fig10){ref-type="fig"} and Shinkura et al., 1996; Yin et al., 2001).\"

There is a wrong citation in the Discussion \"Several mouse models of skin inflammation have been rescued by depletion of TNF (Gerlach et al., 2011; Nenci et al., 2006; Pasparakis, Schmidt-Supprian, and Rajewsky, 2002).\" The citation Pasparakis, Schmidt-Supprian, and Rajewsky, 2002 is not the right one, the correct one is Pasparakis, Courtois et al., 2002.

Thank you for this correction.

[Figure 6D](#fig6){ref-type="fig"} in the subsection "Psoriasis-like inflammation in Traf2^EKO^ mice is characterised by skin infiltration of neutrophils and IFNγ producing CD4^+^ T cells in" referring to the data on IFNγ+ T cells should be [Figure 6E](#fig6){ref-type="fig"}.

The whole figure has changed and we have endeavoured to cite the new figure correctly.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

The inflammatory skin lesions developing in mice with keratinocyte-specific TRAF2 knockout can be described as psoriasis-like, but it is not correct to write that these mice develop psoriasis, as in the following instances in the manuscript:

In the subsection "Psoriasis-like inflammation in Traf2^EKO^ mice is characterised by skin infiltration of neutrophils and IFNγ producing CD4^+^ T cells in": \"However, both wild type and Ifng^-/-^ chimeras developed skin inflammation to the same extent indicating that IFNγ is not a major contributor to the psoriasis ([Figure 7](#fig7){ref-type="fig"}).\"

In the subsection "Blocking non-canonical NF-κB signalling and depletion of TNF together prevent inflammation caused by TRAF2 deficiency in keratinocytes": \"Contrary to our hypothesis, deficiency in Map3k14 or Nfkb2 did not prevent the psoriasis in Traf2^EKO^ mice ([Figures 9](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}).\"

Discussion: \"Unfortunately, we were unable to age these mice more than 15 weeks as they developed lymphadenopathy and could therefore not examine the effect of Mlkl^-/-^Casp8^-/-^ on the late onset psoriasis.\"Discussion: \"While this does not exclude a role for IL-17 in the psoriasis observed in Traf2^EKO^ or Traf2^EKO^Tnf^-/-^ mice we hypothesized that Traf2^EKO^Tnf^-/-^ keratinocytes produced other factors to recruit inflammatory cells to the skin.\"

Thanks for pointing out this. We have changed all the above items to the appropriate and relevant terms to the phenotype of *Traf2^EKO^*mice, which are consistent with the title and rest of the manuscript.

*In [Figure 11](#fig11){ref-type="fig"}, the schematic model gives the impression that in the absence of TNF the inflammatory skin lesions are induced by M-CSF and IL-23 released by keratinocytes and IFNγ produced by T cells. As there is no data in the paper supporting causal function of these cytokines, it would be more appropriate not to refer to specific cytokines or to at least clearly describe in the scheme and the legend that these cytokines may be implicated but their functional role remains to be experimentally addressed.*

Now we have changed and improved [Figure 11](#fig11){ref-type="fig"} and its legend addressing the mentioned issues. We have changed the tile of the figure to the "Proposed mechanisms by which loss of TRAF2 in keratinocytes causes a psoriasis-like skin inflammation." We have changed the specific cytokines to a general term of "inflammatory cytokines".
